ABSTRACT: Photoluminescent energy transfer was investigated in conjugated polymer-fluorophore blended thin films. A pentiptycene-containing poly(phenyleneethynylene) was used as the energy donor, and 13 fluorophores were used as energy acceptors. The efficiency of energy transfer was measured by monitoring both the quenching of the polymer emission and the enhancement of the fluorophore emission. Near-infrared emitting squaraines and terrylenes were identified as excellent energy acceptors. These results, where a new fluorescent signal occurs in the near-infrared region on a completely dark background, offer substantial possibilities for designing highly sensitive turn-on sensors. V C 2010 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 48: [3382][3383][3384][3385][3386][3387][3388][3389][3390][3391] 2010 
INTRODUCTION
The highly efficient energy transfer 1 and exciton migration processes 2 in conjugated polymers can be exploited in various electronic applications [3] [4] [5] [6] [7] [8] [9] [10] [11] and in amplifying sensor responses. [12] [13] [14] [15] [16] [17] [18] [19] Highly sensitive, amplified quenching of polymer emission has been accomplished with various quenchers in solution as well as in the solid state. [20] [21] [22] [23] [24] [25] Applications of this amplified quenching include the detection of chemical and biological analytes, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and explosives. 39 In contrast to turn-off sensors based on amplified polymer quenching, turn-on sensors have the advantage of potentially being even more sensitive and selective, 40, 41 especially if the new signal can be generated on a completely dark background. Some examples of turn-on sensors have been developed previously. [42] [43] [44] [45] In many of these sensors, the emission spectrum of the donor overlaps with the emission spectrum of the acceptor. This overlap leads to decreased sensitivity in turn-on sensory applications, as even in the absence of the acceptor there is background donor emission in the same spectral region, and hence not the desired completely dark background.
Recent results from our group have demonstrated superior energy transfer with reduced spectral overlap between the absorption spectra of the streptavidin-functionalized fluorophore acceptors and the emission spectrum of the biotinfunctionalized poly(phenyleneethynylene) (PPE) donor. 46 Sensors with completely separated donor and acceptor emissions, which rely on electronic exchange mechanisms, have the potential to exhibit significantly enhanced sensitivity, as the emission of the acceptor occurs on a dark background, without interfering donor emission.
Additionally, turn-on sensors that display a new fluorescence emission in the near-infrared (NIR) region (650-900 nm) are highly desirable for biological applications. 47, 48 Biological chromophores exhibit low absorption and auto-fluorescence in this spectral region, which allows photons to penetrate biological tissue. 49 Some applications of NIR fluorophores in biological imaging have been reported [50] [51] [52] [53] [54] [55] ; however, the use of conjugated polymers as energy donors in combination with NIR energy acceptors allows for highly amplified fluorescence emission in a spectral region that is free of interfering signals (neither the polymer donor nor biological analytes fluoresce in this region).
We report herein a thorough investigation of the energy transfer between a conjugated PPE and 13 commercially available and readily-synthesized fluorophores. These compounds have absorption maxima ranging from 537 to 686 nm, with many of the compounds absorbing and fluorescing in the NIR region. We show highly efficient energy transfer from the PPE to the fluorophores, with nearly 100-fold fluorescence amplification in the NIR region from exciting the PPE compared to exciting a squaraine chromophore directly. 58 and purified further by column separation after recrystallization. Compound 6c was synthesized according to literature procedures. 59, 60 The synthesis of terrylene compounds 7 was accomplished according to literature procedures. 61 Known compounds 7b and 7c were synthesized from compound 7a using procedures that were developed by Mü llen and coworkers. 62 
RESULTS AND DISCUSSION

Materials
The photophysical spectra and properties of polymer 1 are summarized in Figure 1 . All of the properties and responses of polymers 1a and 1b are identical (absorption and emission spectra, quantum yields, lifetimes) and these polymers are therefore utilized interchangeably. Interestingly, the results described in this article are not dependent upon the minor spatial perturbations that will exist between these polymers.
The molecular structures of the fluorophores used are shown in Chart 1, and their photophysical properties are summarized in Table 1 . The wide variety of fluorophores investigated includes near-infrared emitting squaraine compounds 6 and terrylene compounds 7. Squaraine compounds have characteristic narrow absorption and emission bands with high extinction coefficients. 63, 64 They have been utilized in a variety of applications, including as chemosensors for metal ions [65] [66] [67] [68] and thiols, 69 as indicators of membrane polarity, 70 and as guests encapsulated in aromatic macrocycles. [71] [72] [73] Squaraines have also been utilized extensively for biological imaging. 74, 75 The synthesis of terrylenediimide fluorophores 7 is shown in Scheme 1. Terrylene, which was first crystallized by Clar in 1958, 76 demonstrates a substantial bathochromic shift in its absorption and emission maxima compared to its lower homologues, naphthalene and perylene. 77 This bathochromic shift has been investigated theoretically. 78 Terrylene diimides show remarkable photostability, 79 and have been utilized for a variety of biological applications. [80] [81] [82] Energy Transfer Studies Blended thin films of conjugated polymer 1 and the fluorophores were fabricated at a variety of fluorophore concentrations. Efficient energy transfer from the polymer to the fluorophores was observed for NIR-emitting fluorophores, that is, exciting the film at the absorption maximum of the polymer resulted in a new fluorescence emission in the NIR region. The efficiency of the energy transfer from the conjugated polymer to the fluorophores in thin film blends was quantified by two methods. First, the comparison between the fluorophore emission intensity obtained by the excitation of the polymer (I AD ) to the emission intensity observed by direct excitation of the fluorophore (I A ) demonstrates photoluminescent energy transfer from the polymer donor to the fluorophore acceptors.
Second, the energy transfer between the conjugated polymer and the fluorophores was quantified by measuring 
where F DA and F D are the integrated emission of the donor in the presence and absence of acceptors, respectively. We investigated all of the acceptor fluorophores at 5 and 0.5 wt % (Table 2 ). For some of the more interesting NIR acceptors, we examined films with extended compositional ranges ( Table 3 ).
The fluorophore emission observed for rhodamine compounds 2 decreases as the absorption maximum of the compounds increases [ Fig. 2(A-C) ]. Compound 2a, which has the shortest wavelength absorption maximum, displays the greatest fluorescence enhancement. This result is in accord with Fö rster energy transfer theory, 83 which dictates that the efficiency of energy transfer depends on the spectral overlap between the donor emission and acceptor absorption spectra.
The cyanine compounds 3 show reduced sensitized fluorophore emissions, especially for compound 3b Remarkably, squaraine compounds 6a and 6b display a significant amplification of fluorescence from polymer excitation compared to direct fluorophore excitation, with 99-fold and SCHEME 1 Synthesis of terrylene fluorophores 7.
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70-fold increases in the fluorophore emission (I AD /I A ) for compounds 6a and 6b, respectively, [ Fig. 2(H,I) ]. This highly efficient energy transfer occurs despite the limited spectral overlap between the polymer emission and the fluorophore absorption spectra. The functionalized squaraine compound 6c also exhibits substantially enhanced emission from polymer excitation, with up to a 54-fold increase in the fluorophore's emission [ Fig. 2(J) ]. This NIR-emitting compound is particularly intriguing, as the ester moiety can be readily functionalized 84, 85 and utilized for biological applications such as protein labeling. 75 Similarly, NIR terrylene fluorophores function as efficient energy acceptors in thin film blends with polymer 1 [ Fig. 2(K-M) ]. Unsubstituted terrylene diimide 7a displays a 46-fold amplification of fluorescence from polymer excitation compared to direct fluorophore excitation, which is similar to the amplification observed for the substituted compounds 7b and 7c.
The degree of spectral overlap between the polymer's emission spectrum and the fluorophores' absorption spectra is illustrated in Figure 3 . This figure illustrates that neither the squaraines (compounds 6) nor the terrylenes (compounds 7) exhibit appreciable spectral overlap between their absorption spectra and the polymer's emission spectrum, which is in stark contrast to several other fluorophores (compounds 2a, 2b, 3a, 4, and 5) which exhibit substantial overlap. Nonetheless, highly efficient energy transfer is observed for all the NIR fluorophores investigated.
These results reveal that both squaraine and terrylene compounds are excellent candidates as energy acceptors with PPE types of donors. The rigidity and compact size of the squaraines allow them to interact well with the planar polymer backbones. The fluorophores can stack close to the polymers, causing more efficient energy transfer through orbital overlap. Moreover, the internal free volumes associated with the pentiptycene in polymer 1 may work as a guiding frame to locate fluorophores close to the polymer backbone. Squaraines have already been shown to interact efficiently with p systems, as well as with iptycene-containing frameworks. 86 The ability of terrylene fluorophores to function as excellent energy acceptors is likely a result of their ability to p-stack efficiently with the conjugated polymer backbone. 81 The fact that both squaraines and terrylenes display highly amplified NIR emission opens the possibility of using these systems for turn-on biological sensors.
Comparison to a Simple PPE
The performance of pentiptycene-containing polymer 1 was compared to that of a simple PPE, compound 9.
57 The photophysical spectra and properties of polymer 9 are summarized in Figure 4 . The broad excimer emission (510 nm) in the fluorescence spectrum of polymer 9 in thin films indicates that aggregation has occurred (this band is absent in the emission spectra of the polymer in chloroform solution). 
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When compared to polymer 1, polymer 9 shows less efficient energy transfer in terms of both donor quenching and amplified acceptor emission (Table 4 , Fig. 5 ). The only exceptions are compounds 4 and 6b, which accomplish comparable energy transfer in blends with both 1 and 9. The quenching of the emission of polymer 9 with added fluorophore is substantially less than the quenching observed with polymer 1. One possible reason for the limited quenching in blends of 9 is that phase separation occurs between the polymer and the fluorophores in spin-cast films. The dense packing of the polymer chains in 9 likely makes it hard to incorporate fluorophores into the polymer matrix. Hence, the fluorophores tend to self-aggregate, and the incorporated fluorophore content decreases. On the other hand, polymer 1, with the porous internal structure derived from the pentiptycene moieties, prevents phase separation during the spin-casting process and facilitates the entrapment of the fluorophores in close proximity to the polymer backbone.
Electrochemistry
Recent studies have emphasized that photoinduced electron transfer (PET) can compete with energy transfer, and that the relative position of the donor and acceptor frontier orbitals is critical in favoring energy transfer over PET. [87] [88] [89] When both the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels of an acceptor are located within the energy range defined by the donor's HOMO-LUMO gap, energy transfer dominates. Alternatively, if the HOMO or the LUMO of the acceptor is outside the donor's HOMO-LUMO gap, photoinduced electron transfer between the donor and the acceptor can occur followed by nonradiative relaxation. [90] [91] [92] Therefore, the HOMO-LUMO energy levels of the donor should bracket those of the acceptor to minimize the nonradiative loss of excited donor energy.
To estimate HOMO and LUMO levels, the oxidation and reduction potential of fluorophores were obtained by cyclic voltammetry, and the energy levels obtained from the potential differences 93, 94 (electrochemical band gap) were compared to the onset wavelengths of the absorption spectra (optical band gap) ( Table 5 ). The HOMO and LUMO energies of polymer 1 are estimated from the oxidation potential and the optical band gaps. Based on the optical bandgap of polymer 1, and the HOMO-LUMO levels obtained for the fluorophores, it is likely that the HOMO-LUMO energy levels of the acceptors are located between those of the donor polymer. Therefore, all the polymer-fluorophore pairs satisfy the above-mentioned requirements, and are expected to be reasonable candidates for efficient energy transfer without competing PET.
CONCLUSIONS
Highly efficient photoluminescent energy transfer was achieved in polymer-fluorophore blend films with PPE donors and squaraine or terrylene acceptors. The exceptionally high photosensitized emission for compound 6a, with an increase of two orders of magnitude relative to that obtained by direct fluorophore excitation, suggests that multiple mechanisms of energy transfer may be operative in these systems. Efficient energy transfer depends on a number of factors that influence intrinsic fluorophore emission and the interaction between polymers and fluorophores. The compact and rigid structure of squaraines and their affinity for the polymer allow intimate interaction and orbital overlap. Similarly, the affinity of terrylene compounds 7 for the polymer allows for significant orbital overlap. The internal free volume imparted by the pentiptycene moieties in the host polymer matrix also contributes to competent energy transfer. 12 Our results offer substantial possibilities for designing turnon fluorescent sensors. In such sensory schemes, the polymer emission does not overlap the acceptor's emission. Moreover, both squaraines and terrylenes fluoresce in the NIR region, an optimal spectral area for biological imaging. 47 Thus, the new emission will occur on a completely dark background (free of both polymer emission and interfering biological analytes), leading to even greater sensitivity in the turn-on sensors. 
